Introduction
Ectopic, inappropriate expression of cell type-speci®c genes is a common mechanism by which tumors may gain phenotypes that favor malignant cell growth and metastasis. One example of ectopic expression in tumor cells is mos, a germ cell-speci®c gene that has been documented to contribute to genetic instability in transformed cells, probably by mediating a meiosislike phenotype in somatic cells (Fukasawa and Vande Woude, 1995) . Thus, analysis of molecular events in normal tissue development provides not only basic knowledge of tissue developmental dysfunction but also insight into potential roles in tumorigenesis.
Spermatogenesis is one of the most intensively studied developmental systems. It is a dynamic process by which germ stem cells, spermatogonia, undergo complex morphological, biochemical, and physiological transitions that result in the production of fertile spermatozoa. There are three principle phases of spermatogenesis: a mitotic phase in which spermatogonia are replenished; a meiosis phase in which genetic material is recombined and segregated; and transformation phases, termed spermiogenesis, in which haploid spermatids undergo dramatic morphological changes that culminate in the release of highly polarized,¯agellated spermatozoa into the lumen of the seminiferous tubule. The well-de®ned stages of spermatogenesis make it a good model for dissecting the regulation and function of certain oncogenes and tumor suppressor genes. The BRCA1 (Zabludo et al., 1996) and p53 (Schwartz et al., 1993; Sjoblom and Lahdetie, 1996) tumor suppressor genes are expressed in spermatocytes during meiosis, consistent with their roles in DNA recombination and DNA repair. The cmyc, c-fos, and c-jun oncogenes (Wolfes et al., 1989) are expressed speci®cally in highly proliferative spermatogonia. While this information outlines potential parallels in spermatogenesis and tumorigenesis, more information is needed to elucidate the molecular events of spermatogenesis and how their deregulation might contribute to malignant transformation.
We have developed a clonal epidermal cell model of chemical carcinogenesis which includes cells at dierent stages of carcinogenesis: (1) normal keratinocyte progenitor (291), (2) pre-tumorigenic initiated cell (03C), (3) a benign papilloma (09RAT), and (4) a poorly dierentiated squamous cell carcinoma which is invasive and metastatic (03RAT) (Kulesz-Martin et al., 1988) . Analysis of known oncogene and tumor suppressor gene expression by Northern blotting in the initiated cell clones and their tumorigenic derivative cells, compared with normal clone 291, indicated deregulated expression of retrovirus-like sequence VL30 (Han et al., 1990) and tumor suppressor gene p53 (Han and Kulesz-Martin, 1992) at the point of malignant conversion. Unlike most DMBA-induced tumors in carcinogenesis models in vitro, no H-ras mutation was found in this model (Schneider et al., 1993) . Although the loss of p53 is the most frequent genetic event in malignant transformation, it appears to be insucient for tumor formation (Kemp et al., 1993) . Therefore, altered gene expression was analysed by RNA dierential display in an attempt to identify other oncogenic events that can contribute to malignant transformation (Liu and Kulesz-Martin, 1998) .
Two dierentially expressed genes at malignant conversion were identi®ed. One cDNA fragment was decreased in the carcinoma and was essentially identical to the 3' region of ARK, an adhesion-related kinase reported to be involved in homophilic cell aggregation. Another dierentially displayed cDNA fragment that is altered and overexpressed at the malignant conversion stage of carcinogenesis was the novel AAA-protein SPAF. The current report describes the cloning and initial characterization of SPAF full length cDNA and protein.
Results
Expression of SPAF in the epidermal cell model and in mouse tissues SPAF expression in the epidermal cells was analysed with a 415 bp cDNA fragment of SPAF cDNA, ®rst detected in 03RAT epidermal carcinoma cells by RNA dierential display (Liu and Kulesz-Martin, 1998) . Two mRNA species corresponding to approximately 3 and 1.7 kb were detected ( Figure 1) . As predicted by dierential display, the expression level of the 3 kb transcript was signi®cantly higher in the poorly dierentiated squamous cell carcinoma 03RAT than in the normal clone 291 and the independently initiated epidermal tumor cells 05RAT and 09RAT. The Northern analysis of the tissue distribution of the transcripts showed predominant expression of the 3 kb transcript in testis (Figure 2 ), suggesting that it is a testis-speci®c gene despite marginal signals in spleen, skin, and 291 samples. The expression of the 1.7 kb mRNA was restricted to this poorly dierentiated squamous cell carcinoma, being undetectable in the normal tissues examined. In contrast to the signal of the large transcript, the hybridization intensity of the small transcript varied along with the probes from the dierent segments of SPAF cDNA. The signal of the smaller transcript was comparable to that of the larger transcript when hybridized with the probe from the 3' end (Figure 2 ), but was attenuated with the full length SPAF cDNA as probe (Figure 6) . No signal for the smaller transcript was detected with a 5' SPAF segment (224-1235 bp) as probe (data not shown), suggesting that this 1.7 kb transcript represents the 3' portion of SPAF cDNA generated by either alternative splicing or truncation/ deletion of one SPAF allele in the 03RAT cells.
Molecular cloning of SPAF
Since SPAF was predominantly expressed in normal testis, its normal full length cDNA was isolated by screening a mouse testis cDNA library. The library was constructed from mixed stage germ cells collected from 10 ± 12-week-old CD1 mouse testes (Stratagen #937308). Three positive clones were obtained by screening 1610 6 phage plaques, and two, being close to 3 kb in size, were selected for further characterization (SPAF1 and SPAF2 in Figure 3 ). The SPAF1 cDNA is 2798 bp in length, containing a putative open reading frame of 849 amino acids. SPAF2 is 122 bp Figure 1 Northern analysis of SPAF expression in the cloned cell model of carcinogenesis. Ten mg of total RNA from each cell type shown were separated by 1.2% agarose formaldehyde gel electrophoresis. The blot was hybridized with a random-primed 32 P-labeled SPAF cDNA fragment isolated by RNA dierential display and autoradiographed at 7708C for 2 days. The blot was rehybridized with loading control 7S RNA and autoradiographed at room temperature for 2 h Figure 2 Expression of SPAF in normal mouse tissues. Ten mg of total RNA from the adult mouse tissues indicated were separated in a 1.2% agarose formaldehyde gel. The RNAs from 291 cells and 03RAT cells were included as negative and positive controls, respectively. The blot was hybridized with a randomprimed 32 P-labeled SPAF cDNA fragment from RNA dierential display and autoradiographed at 7708C for 3 days. For RNA loading control, the blot was rehybridized with 7S RNA and autoradiographed at room temperature for 2 h Figure 3 SPAF cDNA was isolated by screening a mouse testis cDNA library with a partial cDNA fragment (7G2) isolated by RNA dierential display as probe. SPAF1 and SPAF2 are the positive clones isolated from the screening. The 5' region of SPAF cDNA, from 1 ± 106 bp, was extended by RACE ± PCR with two SPAF-speci®c anti-sense primers (arrowheads). The full length SPAF cDNA was constructed by taking advantage of the presence of a unique BstEII site that overlaps the RACE product (RACE-5) and SPAF1 cDNA. A poly-histidine tagged fusion protein that represents the N-terminal region of SPAF protein (60 ± 397 a.a.) was generated as immunogen for the production of anti-SPAF antibody shorter than SPAF1 and encodes a putative polypeptide of 820 amino acids. There is no stop codon in the upstream sequence of the putative start codon, suggesting that the cDNA clones isolated from the library were still partial ones. Therefore, two SPAFspeci®c anti-sense primers, RT3 (471 ± 451 bp of SPAF) and PE3 (267 ± 240 bp of SPAF), at the positions of the arrowheads in Figure 3 , were designed for the ampli®cation of the 5'-end of SPAF cDNA by ligationanchored polymerase chain reaction (Troutt et al., 1992) . A 267 bp DNA fragment was ampli®ed and cloned into pBluescript plasmid digested with NotI and SmaI. The construction of the full length SPAF cDNA was achieved by taking advantage of the presence of a NotI site in the 5' anchor primer and a unique BstEII site at position 186 of SPAF cDNA that overlaps sequences of the 267 bp ampli®ed product and the 2798 bp cDNA isolated from the library (Figure 3 ).
Sequence analysis of SPAF cDNA
The SPAF cDNA constructed from the cDNA library clone (106 ± 2904) plus RACE ± PCR product (1 ± 105) totalled 2904 bp and contained a long open reading frame between nucleotide position 49 and 2725, encoding a polypeptide of 892 amino acids (Figure 4 ). To con®rm the validity of the predicted open reading frame (ORF), the full length SPAF cDNA was expressed by in vitro transcription/translation in the presence of [ 35 S]methionine and subjected to SDS polyacrylamide gel electrophoresis. A product of 97 kDa was detected, as expected by calculation from the deduced amino acid sequence of SPAF. Since the ®rst ATG codon (A located at nt 44) is not surrounded by a typical translation start site consensus sequence (Kozak, 1991) , the authentic initiation codon of SPAF was examined. Two 5'-truncated forms of SPAF, SPAF1 and SPAF2, were made to eliminate the ®rst and the second ATG codon (A located at nt 173), encoding putative polypeptides of 95 and 90 kD, respectively (Figure 5a ). If the second/third downstream ATG in SPAF was the authentic initiation codon, the polypeptide generated from the full length SPAF cDNA would migrate at the same position as that of SPAF1 or SPAF2. Figure 5b shows that the molecular weight of the truncated forms decreases in proportion to the size of the deletion, demonstrating that the ®rst ATG is the initiation codon of SPAF cDNA. As no termination codon in frame was found in the 5' region upstream of the presumed initiation codon, the full length ORF was con®rmed by comparing the sizes of in vitro translated SPAF proteins with endogenous SPAF protein from normal adult mouse testis by immunoblotting analysis. Because the amounts of in vitro translated proteins were too low to be detected by immunoblotting, the in vitro translated SPAF proteins were enriched by immunoprecipitation with anti-SPAF antibody SpAb before immunoblotting. The protein translated from the full length SPAF cDNA migrated at the same position as its endogenous counterpart from testis lysate (Figure 5c ), indicating that the cloned SPAF cDNA contains full length coding sequence of the SPAF gene. High GC content (69%) was found in the 5'-untranslated region (UTR), which may impede translation as indicated by increased translation eciency of 5'-truncation mutants (compare the signal intensity of SPAF1 and 2 to SPAF in Figure 5b ). A typical polyadenylation signal, AAUAAA, is found immediately upstream of the poly (A) tail (underlined in the cDNA sequence in Figure 4 ). The 3'-UTR is relatively high in AU content (70%) and contains four AUUU destabilizing elements found in many rapidly degraded mRNAs (Shaw and Kamen, 1986) . These features suggest that the expression of SPAF is highly regulated both at the post-transcriptional and translational levels. A database search using BLAST (National Center for Biotechnology Information) revealed that SPAF is a new member of the AAA-protein family (ATPase Associated with diverse cellular Activities). A duplicated nucleotide binding domain of approximately 200 amino acids containing an AAAprotein family signature (VxVLxATNx[4]IDxALxR) (Kunau et al., 1993) and the Walker A and B nucleotide binding motifs (Walker et al., 1982) was found in a region from 350 a.a. to 805 a.a of SPAF protein ( Figure  4 ). The sequence similarities between SPAF and other members containing two ATPase modules range from 50 ± 66% (identity of 25 ± 45%) over the whole length of the proteins (Table 1 ). The ATPase modules are highly conserved.
Compared with other AAA-proteins, SPAF protein showed several unique features. Firstly, the N-terminal region is approximately 130 a.a. longer than other closely related proteins. Secondly, the extreme Nterminal portion of SPAF is rich in positively charged arginine, lysine, and hydroxylated serine, implying a putative mitochondrial matrix-targeting sequence (Hartl et al., 1989) . Thirdly, two putative cdc2 phosphorylation sites, SPSS and TPCK, (Nigg, 1991) lie side by side upstream of the ®rst ATPase module. The C-terminal region of SPAF lacks a DDDLY motif which is associated with a ring-like structure found in VCP, p97, and CDC48 of the AAA-protein family and many heat shock proteins (Mian, 1993) , suggesting that SPAF has a dierent quaternary structure.
Developmental expression pattern of SPAF in normal testis
Since testis was the predominant normal tissue examined to have SPAF expression (Figure 2 ), the expression pattern of normal SPAF in testis became a The translated proteins were subjected to 7.5% SDS-polyacrylamide gel electrophoresis and visualized by autoradiography. (c) In vitro-translated SPAF proteins were compared with endogenous SPAF protein by immunoblotting with SpAb. Ten ml of in vitro-translated SPAF proteins were enriched by immunoprecipitation with SpAb and subjected to 7.5% SDS-polyacrylamide gel electrophoresis along with 20 ml of testis lysate from adult mice. The blot was incubated with SpAb followed by protein-A-conjugated horseradish peroxidase and visualized by chemiluminescence focus of study. The testis is composed mainly of germ cells of three categories: spermatogonia, spermatocytes, and spermatids, which represent progressively more mature phases of spermatogenesis. In mice, spermatogenesis begins shortly after birth, and the composition of the seminiferous epithelium undergoes predictable Ten mg of total RNA from 1-, 2-week-old, and adult mouse testes, and adult epididymis were separated on a 1.2% agarose formaldehyde gel. The total RNAs from 291 and 03RAT were included as negative and positive controls respectively. The blots were hybridized with 32 P-labeled full length SPAF cDNA. A 7S RNA hybridization is shown as control for RNA loading. (b) Immunoblotting of SPAF protein expressed during spermatogenesis. Twenty micrograms of each lysate from adult epididymis and testes dissected from 1-, 2-week-old, and adult mice were fractionated in a 7.5% SDS-polyacrylamide minigel and transferred to a nitrocellulose membrane. The blot was incubated with SpAb followed with protein-A conjugated horseradish peroxidase and visualized by chemiluminescence changes through development (Bellve et al., 1977) . On postnatal day 8, the seminiferous tubule contains 27% spermatogonia and 73% Sertoli cells; on day 14, it contains 12% spermatogonia, 51% spermatocytes (including cells up to the pachytene stage), and 37% Sertoli cells; in the adult, it contains 4% spermatogonia, 22% spermatocytes, 71% spermatids, and 3% Sertoli cells. To examine which spermatogenic cells express SPAF, we analysed the expression of SPAF in adult epididymis (harboring primarily mature sperm) and testis from prepubertal and adult mice with full length SPAF cDNA as a probe. High levels of SPAF mRNA were detected by Northern blotting in all the RNA samples from testis but not from epididymis ( Figure 6 ). Densitometric analysis showed 0.5-fold and twofold higher steady-state expression of SPAF RNA in 7 day and 14 day old testes compared with adult testis. The peak SPAF expression was proportional to the maximal percentages of spermatogonia and spermatocytes during development, indicating that SPAF is expressed in spermatogonia and spermatocytes, but not spermatids or sperm.
In general, the regulation of transcription is the major control of gene expression, and the presence of mRNA often indicates the expression of protein.
However, it has been observed that transcription and translation are uncoupled for some genes during spermatogenesis (Braun et al., 1989) . Therefore, the expression patterns of SPAF in spermatogenic cells were analysed by immunoblotting using the anti-SPAF antibodies (SpAb). The 97 kD SPAF protein was detected in both prepubertal and adult testis but not in epididymis (Figure 6 ). The highest expression of SPAF was observed in the prepubertal testis, consistent with the Northern analysis data. Interestingly, two bands corresponding to 97 and 70 kD were detected. The 97 kD band comigrated with in vitro translated SPAF protein and was expressed in the positive control cell 03RAT but not in negative control 291, indicating that this band represents cellular SPAF protein. Two possible explanations for detection of the smaller protein are SPAF degradation or the presence of an unrelated protein that shares one or more epitopes recognized by this antibody. It seems more likely to be antibody recognition of an unrelated protein since the 70 kD protein was present in epididymis without detectable SPAF protein or SPAF mRNA.
Cellular localization of SPAF protein
In order to determine the expression and cellular location of SPAF in cells undergoing spermatogenesis, immunohistochemical staining was performed in sections of testis from prepubertal and adult mice ( Figure  7 ). The SPAF protein was found in germ cells in the basal compartment of seminiferous tubules containing spermatogonia and early spermatocytes up to the zygotene stage. The level of SPAF protein dramatically decreased in pachytene spermatocytes and spermatids in the adluminal compartment. No staining was observed in somatic cells of the testis, including Sertoli and interstitial cells, or in mature sperm in the epididymis. In the sections from testes of 2-week-old mice, all the spermatogenic cells were positively stained. This was consistent with results from adult testis since germ cells develop up to the pachytene stage at postnatal day 14. The intracellular staining pattern indicated that SPAF protein was localized in the cytoplasm rather than in the nucleus.
Subcellular localization of SPAF protein
To gain further insight regarding the subcellular compartmentalization of SPAF protein, sections of testis were analysed by indirect immuno¯uorescence staining and confocal microscopy. In addition to being diusely distributed throughout the cytoplasm of germ cells, SPAF protein was also detected in discrete spheroidal structures (Figure 8a ), suggesting that it is localized in organelles. The presence of a mitochondrial matrix targeting sequence in SPAF protein led us to examine its localization in uorescence analysis of SPAF expression in mouse testis. The section was examined using a Bio-Rad MR600 scanning confocal microscope system. The positive staining of spheroidal structures in the cytoplasm is noted by arrows. The scale bar corresponds to 10 mm. (b) Ultrastructural immunoperoxidase microscopic analysis of SPAF expression in mouse testis. The scale bar corresponds to 1 mm mitochondria by co-staining with anti-hsp60 antibody, a mitochondrial-speci®c antibody. Instead of overlapping secondary¯uorochromes,¯uorochromes were mutually excluded, i.e. stained by either SpAb or antihsp-60, but not both (data not shown). It is conceivable that SPAF protein is absent from hsp-60 positive cells, but unlikely that SPAF-positive cells lack mitochondria. Therefore, it appears likely that SPAF and hsp60 co-localize in mitochondria and fail to co-stain due to steric hindrance of antibodies or tō uorescence quenching. To further examine this localization, sections of mouse testis were stained for SPAF protein using a pre-embedding ultrastructural immunoperoxidase technique. No immunoreactivity was detected in testis sections permeabilized by freeze-thawing followed by incubation with saponin, whereas staining was observed following permeabilization with the stronger detergent Triton X-100. The requirement for strong detergent is consistent with SPAF protein (or at least its N-terminal portion) being in internal organelles, where exposure of antigenic determinants requires stronger permeabilization not only of the cell surface membrane, but also of the organelle membranes. Examination of ultrathin sections of positively stained testis revealed immunoreactivity in mitochondria (Figure 8b ). The reaction product appeared to diuse toward the matrix and was con®ned within the mitochondria, with no staining diused outward, suggesting that SPAF protein is localized in the inner membrane or matrix of mitochondria. The staining intensity varied among mitochondria, likely due to dierential accessibility of the antigen. Attempts were made to localize SPAF using post-embedding techniques, in order to avoid problems of antigen accessibility. However these failed, due to destruction of the antigenicity of the protein.
Discussion
In this study, a testis-speci®c gene that is altered and overexpressed in a poorly dierentiated squamous cell carcinoma was identi®ed. Sequence analysis revealed that it is a novel member of the AAA-protein family (ATPase Associated with diverse cellular Activities). The AAA-protein family is an emerging superfamily with diverse functions (Confalonieri and Duguet, 1995) . The members of this family are characterized by having one or two copies of a highly conserved ATPase module of approximately 200 amino acids with consensus sequences for ATP binding and hydrolysis. Members of this gene family are present in prokaryocytes and eukaryotes, including bacteria (Confalonieri et al., 1994) , yeast , plants (Feiler et al., 1995) , and mammals (Egerton et al., 1992) . They function in a variety of cellular processes, including vesicle-mediated transport (Eakle et al., 1988; Wilson et al., 1989; Babst et al., 1997) , cell cycle regulation Clark-Maguire and Mains, 1994) , peroxisome biogenesis , transcriptional regulation (Nelbock et al., 1990) , and membrane fusion (Rabouille et al., 1995; Acharya et al., 1995) . In S. cerevisiae alone, 22 dierent proteins with AAA-protein motifs have been identi®ed, suggesting that there are at least as many biological functions associated with this family (Beyer, 1997) . SPAF belongs to the subfamily of AAA-proteins with two ATPase modules, showing overall 50 ± 66% similarity within this group. Although the members in this group show disparate phenotypes, most of the proteins for which functions have been de®ned are linked to membrane fusion events of various organelles (Table 1 ). The ®rst protein associated with membrane fusion is SEC18, whose mutant blocks the fusion of transport vesicles with Golgi cisternae in the protein secretory pathway (Eakle et al., 1988) . Its equivalent in higher organisms is NSF (N-ethylmaleimide-sensitive fusion protein), an essential component of SNAP/SNARE fusion machinery that mediates protein transport from the ER to the Golgi complex (Wilson et al., 1989) . PAS is another member of the subfamily involved in membrane fusion events, whose mutant is incapable of forming peroxisomes from smaller precursors . Recently, two other kinds of membrane fusion events, ER fusion and Golgi cisternae formation, have been associated with AAA-proteins CDC48 (Latterich et al., 1995) and p97ATP-ase (Rabouille et al., 1995; Acharya et al., 1995) , respectively. To date, however, none of the members in this subfamily have been associated with the membrane fusion events of mitochondria, one of the most abundant membrane-containing cellular organelles. The overall similarities between SPAF and the above mentioned proteins are less than 66%, in accord with the idea that SPAF is involved in a distinct membrane fusion event. The presence of a putative mitochondrial matrix-targeting sequence, and evidence for localization in mitochondria, suggest that SPAF may be involved in membrane fusion events of mitochondrial morphogenesis.
Thus far, we have no direct evidence for SPAF involvement in mitochondrial membrane fusion events; however its expression pattern during spermatogenesis provides clues regarding a possible role in mitochondrial morphogenesis. The immunostaining results show that SPAF protein is expressed in the mitochondria of spermatogonia and early spermatocytes in the basal compartment, but not in spermatids and late spermatocytes in the adluminal compartment. Such expression patterns in the seminiferous tubule parallel changes in mitochondrial morphology during spermatogenesis from an`orthodox' form in the basal cells to a`condensed' form in the adluminal cells (De Martino et al., 1979) . This suggests an association of SPAF with`orthodox' mitochondrial morphogenesis. The signi®cance of this mitochondrial morphological transformation remains to be elucidated. However, condensed mitochondria have been associated with higher oxidative phosphorylation eciency (De Martino et al., 1979; Hackenbrock et al., 1971) . Therefore, it is possible that mitochondrial transformation might be a cellular mechanism to compensate for decreased oxygen supply to cells in the adluminal compartment due to the blood-testis barrier (Waites and Gladwell, 1982) . Compared with condensed mitochondria, the architecture of orthodox mitochondria has a number of thermodynamically unfavorable features, such as ovoid shape and extended surface area of the inner membrane. SPAF, as an AAA-protein containing two ATPase modules, may function by modulating protein-protein interactions in an ATP-dependent manner to accomplish and maintain such a thermodynamically unfavored architecture. We hypothesize that SPAF is susceptible to proteolytic degradation triggered by decreased oxygen tension in the mitochondria, which may result in the remodeling of mitochondria to a condensed form. In the absence of SPAF, the remodeling of mitochondria from orthodox form to condensed form may occur spontaneously, since condensed mitochondria have several thermodynamically stable features, including spheroid shape, small size, and less surface area due to lack of cristae. Condensed mitochondria have been observed not only in spermatogenic cells in the adluminal compartment, but also in a number of rapidly growing tumors (White et al., 1974; Hruban et al., 1966 Hruban et al., , 1973 . Thus, rapidly growing tumors like 03RAT may take advantage of ectopic expression of SPAF to adopt a spermatogenic cellular mechanism for undergoing rapid clonal expansion in a hypoxic environment. Generation of SPAF knock-out mice by homologous mutagenesis will be needed to provide direct evidence regarding the role of this gene product in mitochondrial morphogenesis, spermatogenesis, and tumorigenesis.
In addition, it will be intriguing to identify the regulatory elements responsible for SPAF tissue dependent and cell maturation stage-dependent expression in testis. In particular, whether SPAF is subject to AP1 regulation might be investigated, since SPAF is expressed at the same stages of spermatogenesis and tumorigenesis during which AP1 is also active. Finally, the overexpression of SPAF in the poorly dierentiated squamous cell carcinoma must be extended to studies of SPAF expression in independently derived epidermal tumors and other tumor cell types, in order to ascertain its general relevance to tumorigenesis of testis and other epithelia.
Materials and methods

cDNA cloning
A mouse testis cDNA library constructed using the uni-Zap vector with oligo(dT)-primed cDNA inserts (Stratagene) was screened using an a 32 P-dCTP-labeled partial cDNA fragment (417 bp) obtained from RNA dierential display of a poorly dierentiated squamous cell carcinoma and its initiated and normal precursors (Liu and Kulesz-Martin, 1998) . A DNA probe was prepared by random labeling of the partial cDNA fragment using a 32 P-dCTP (Amersham) following the manufacturer's protocols. SPAF cDNA fragment in pBluescript SK 7 vector (pBSPAF) was excised from positive uni-Zap phage isolated from a mouse testis cDNA library by coinfection with ®lamentous helper phage (Stratagene). The 5'-end of SPAF was ampli®ed by means of the ligation-anchored polymerase chain reaction (Troutt et al., 1992) . Two oligonucleotide primers complementary to SPAF mRNA were synthesized: a 21-mer (I; 5'-TTCCTGAGCCTGAAGCA-CAGC-3') and a 28-mer (II; 5'-CATAGTGTTAAGTCCAA-GATGAACAAGG-3'), representing antisense sequences corresponding to 471-451 bp and 267-240 bp of SPAF cDNA, respectively. Ligation-anchored PCR was carried out using the Marathon cDNA Ampli®cation Kit (Clontech). Adaptorligated double-stranded-cDNA was prepared from adult mouse testis poly(A) + mRNA, following the Clontech protocol. Nested PCR was performed with the 28-mer and an adaptor primer using pfu DNA polymerase (Stratagene) at: 1 cycle of 948C for 5 min; 30 cycles of 948C for 30 s, 638C for 1 min, and 728C for 2 min; and 1 cycle of 728C for 5 min. The ampli®ed products were gel puri®ed using the QIAEX II gel extraction kit (Qiagen). The puri®ed DNA was digested with NotI and ligated into pBluescript(KS) (Stratagene) digested with NotI and SmaI. The ligation mixture was used to transform E. coli strain XL1-Blue, and clones containing inserts were selected by blue-white color selection and con®rmed by PCR using the 28-mer and a sense primer corresponding to bp 113 ± 133. The full length SPAF cDNA was constructed by subcloning NotI and BstEII digested RACE product into pBSPAF digested with the same enzymes.
DNA sequencing and analysis SPAF cDNA was digested with SacII and XhoI to generate 3' and 5' protruding ends which are resistant and sensitive, respectively, to digestion with exonucleaseIII, in order to generate serial deletions. The overlapping deletions thus generated were ligated into a cloning vector and sequenced with M13 reverse primer using an automatic DNA sequencer (RPCI Biopolymer facilities). DNA sequence analysis, including searches for homology, motifs, and structure predictions, was performed using GCG programs (Wisconsin Package V.8.0).
In vitro translation
For testing of protein products, the SPAF cDNAs, 1 to 2904 (SPAF), 106 to 2904 (SPAF1), and 234 to 2904 (SPAF2) were cloned into the NotI/XhoI, SacII/XhoI, and BamHI/ XhoI sites, respectively, of pBluescript KS under the T 7 phage promoter. The constructs were linearized with XhoI and transcribed with T 7 RNA polymerase using the mCapping kit (Stratagene). The transcripts were translated in the present of [ 35 ]S-methionine (Amersham) according to standard protocols (Promega). Five ml of each of the in vitro translated proteins were fractionated on a 7.5% SDS-polyacrylamide gel and visualized by autoradiography.
Northern blot analysis
Cytoplasmic RNAs from cells at approximately 70% con¯uency in 150 mm dishes were extracted with Trizol Reagent (GIBCO/BRL), following the manufacturer's manual. A 10 mg aliquot of total RNA was separated in a 1.2% agarose, 1 M formaldehyde gel and transferred to Nytran Plus membrane (Schleicher & Schuell), according to standard protocols (Sambrook et al., 1989) . Membranes were hybridized to 32 P-dCTP-labeled probe in 50% formamide at 428C overnight. Blots were washed to a stringency of 0.16SSC/0.5% SDS/658C. Autoradiography was performed for 1 h to 2 days using Kodak X-Omat AR ®lm. The membranes were rehybridized to 32P-dCTP-labeled 7S RNA as a loading control (Balmain et al., 1982) . RNA quanti®ca-tion was performed by scanning the autoradiograms by means of a Computing Densitometer (Molecular Dynamics) and analysed by using ImageQuant software (Molecular Dynamics).
Production of SPAF-specific antibodies
Polyclonal antibodies were raised against the SPAF Nterminus upstream of the ®rst ATP binding module as follows: a fragment corresponding to amino acids 69 ± 389 was cloned in-frame to the poly-histidine tag in plasmid pProEX TM HTb (BRL/GIBCO). The resultant plasmid was used to transform E. coli strain DH5a. Expression of the fusion protein was induced by adding 3 mM IPTG (isopropyl-b-D-thiogalactopyranoside) to exponentially growing cultures. The bacteria were homogenized in lysis buer (10 mM Tris-HCl [pH 8.3], 100 mM NaCl, 5 mM EDTA, 1 mM PMSF) containing 0.1 mg/ml lysozyme, and by passing through a 22G syringe needle. Inclusion bodies were solubilized in 1% sarcosol and neutralized with 5% Triton-X 100. The solubilized protein was dialyzed in the lysis buer and subjected to nickel anity chromatography. The bound protein was eluted with lysis buer in the presence of 100 mM imidazol. The eluted fusion protein was dialyzed against phosphate-buered saline (PBS) and used for the generation of polyclonal antibodies by standard protocols. Three New Zealand White female rabbits (RPCI Laboratory Animal Resources) were each injected subcutaneously with 200 mg of puri®ed protein emulsi®ed with an equal volume of Freund's complete adjuvant. One month after the primary injection, boost injections were repeated every 2 weeks with 150 mg of puri®ed protein emulsi®ed in incomplete Freund's adjuvant. Antisera were tested for ability to precipitate in vitro translated SPAF protein. The polyclonal antibodies were anity puri®ed using 6 mg of puri®ed fusion protein coupled to an Aminolink column (Pierce), following the manufacturer's protocol.
Western immunoblotting
Mouse tissues were homogenized in Dounce tissue grinders in PBS and lysed in lysis buer (150 mM NaCl, 50 mM Tris [pH 8.0], 1% NP-40, 1 mM PMSF, 50 mM aprotinin, and 10 mg/ml leupeptin). Cultured cells at 70% con¯uence were harvested in lysis buer. Lysates were centrifuged for 15 min at 14 000 r.p.m. Twenty mg of protein quantitated by using the Protein-assay (Bio-Rad), were incubated for 5 min at 1008C in sample buer (100 mM Tris HCl [pH 6.8], 20% glycerol, 2% SDS, and 0.1% bromophenol blue) containing 100 mM DTT and separated in a 7.5% SDS-polyacrylamide minigel. After electroblotting onto nitrocellulose (Schleicher & Schull), membranes were blocked overnight in TBST (50 mM Tris-HCl [pH 7.5], 200 mM NaCl, 0.1% Tween 20) containing 5% nonfat milk powder, then incubated with anity puri®ed anti-SPAF polyclonal antibody (SpAb) in TBST milk for 1 h at room temperature. After washings in TBST, horseradish peroxidase-conjugated protein-A (Amersham) was added for 1 h and immuno-complexes were visualized by chemiluminescence (Pierce).
Immunochemical staining
Five mm paran sections of formalin-®xed mouse tissues were deparanized in xylene and rehydrated through a graded series of ethanol concentrations. The sections were treated in a microwave oven set at medium for 10 min to unmask antigenic determinants, then permeabilized in 0.3% Triton-X 100/PBS for 10 min. Nonspeci®c antibody binding was blocked with PAB (PBS, 0.1% sodium azide, 0.5% BSA) containing 10% normal goat serum (Vector Laboratories). The sections were then incubated overnight at 48C with anity-puri®ed SPAF-speci®c antibody (0.1 mg/ml). After several washes in PBS containing 0.1% Tween 20, sections were incubated with biotin-labeled goat anti-rabbit IgG (Vector Laboratories), then with strepavidin-peroxidase conjugate (Research Genetics). Color was developed with diaminobenzidine tetrahydrochloride (DAB); slides were washed in H 2 O, counterstained with hematoxylin, and mounted in Permount (Fisher). Preimmune antibody at 1 mg/ml was used as a control for primary antibodies.
Immunofluorescence staining
Mouse testes were ®xed in freshly depolymerized 2% paraformaldehyde ®xative for 2 h at 48C. Tissues were then washed in 50 mM ammonium chloride (three times, 15 min) and cryoprotected in 30% sucrose/PBS overnight at 48C. Tissue was embedded in Tissue Tek OCT medium (ICN Biomedicals) and frozen in 2-methylbutane/liquid nitrogen. Four mm cryosections were obtained using a cryostat microtome (Reichert Jung), air-dried for 10 min, permeabilized in 0.2% Triton-X 100/PBS for 10 min, then incubated in SpAb (0.1 mg/ml in PBS/Triton) in anti-hsp60 (1 mg/ml in PBS/Triton) (Stressgen), or in a mixture of both antibodies, for 45 min at room temperature on a rocker platform. Following washes in PBS, sections were incubated with Texas-conjugated goat anti-rabbit secondary antibody (Amersham), in FITC-conjugated goat anti-mouse secondary antibody (Amersham), or in a mixture of both secondary antibodies for 30 min at room temperature and washed in PBS for 30 min. The sections were mounted with Aquamount (Polysciences) and observed using a Bio-Rad confocal microscope.
Pre-embedding ultrastructural immunoperoxidase technique
Mouse testes were ®xed in periodate-lysine-paraformaldehyde (PLP) ®xative for 5 h at 48C, washed in 50 mM NH 4 CL/PBS (three times, 15 min each), rinsed in PBS, and cryoprotected in 60% sucrose/PBS overnight at 48C. The tissue was then frozen in 2-methyl butane cooled with liquid nitrogen, and 30 ± 50 mm cryosections were prepared using a cryostat microstat microtome. The sections were thawed in PBS/ BSA (1 mg/ml) and permeabilized in 0.025% Triton X-100 for 30 min at room temperature. The free-¯oating sections were then incubated with anti-SPAF polyclonal antibody (diluted 1 : 100 in PBS/BSA/0.01% sodium azide) for 1 h at room temperature and overnight at 48C, with gentle agitation. Following an additional 1 h incubation at room temperature, the sections were washed three times, 15 min each with PBS/BSA and incubated in biotinylated anti-rabbit antibody (Vector Laboratories) for 1 h at room temperature. Following three washes in PBS/BSA (15 min each), the tissue was incubated in avidin-peroxidase (Research Genetics) for 1 h at room temperature and washed three times again. The sections were then ®xed in 2.5% glutaraldehyde in 0.1 M phosphate buer containing 5% sucrose for 1 h at 48C and washed in phosphate buer/7.5% sucrose and overnight at 48C. Following three washes in 50 mM Tris HCl/7.5% sucrose, the tissue was incubated in 1 mg/ml diaminobenzidine/Tris HCl/sucrose for 20 min at room temperature before adding H 2 O 2 (0.01%) for an additional 15 min. Following washes in Tris (one wash for 15 min) and phosphate buers (two washes for 15 min each), the tissue was post-®xed in 1% OsO 4 for 1 h at 48C, dehydrated in a graded alcohol series, and embedded in Spurr's resin. Thick and ultrathin sections were viewed in a Leitz light microscope or a Siemens 101 electron microscope, respectively.
